Sn-8Zn-3Bi solder paste and Sn-3.2Ag-0.5Cu solder balls were reflowed simultaneously on Cu/Ni/Au metallized ball grid array (BGA) substrates. The correlation between microstructural evolution and the electrical resistance of the joints under various testing conditions of reflow cycles and heat treatment was investigated. The electrical resistance of the Sn-Ag-Cu joints without Sn-Zn-Bi was also conducted for comparison. The average resistance values of Sn-Ag-Cu and Sn-Ag-Cu/Sn-Zn-Bi samples changed, respectively, from 7.1 (single reflow) to 7.3 (10 cycles) m⍀ and from 7.2 (single reflow) to 7.6 (10 cycles) m⍀. Furthermore, the average resistance values of Sn-Ag-Cu and Sn-Ag-Cu/Sn-Zn-Bi samples changed, respectively, from 7.1 (aging 0 h) to 7.8 (aging 1000 h) m⍀ and from 7.2 (aging 0 h) to 7.9 (aging 1000 h) m⍀. It was also noticeable that the average resistance values of Sn-Ag-Cu/Sn-Zn-Bi samples were higher than those of Sn-Ag-Cu samples in each specified testing condition. The possible reasons for the greater resistance exhibited by the Sn-Zn-Bi incorporated joints were discussed.
I. INTRODUCTION
The ball grid array (BGA) technology has become a preferable interconnect technology for electronic packaging for the features of high input-output terminal densities, small footprints, and better electrical performances than some other conventional packages such as the pin through-hole or the quad flat package. [1] [2] [3] [4] [5] [6] [7] As for the packaging materials, Sn-Pb (tin-lead) solder ball has been used to joint the BGA packages to printed circuit boards (PCBs) due to its low eutectic temperature (around 183°C) and good wetting behavior on several substrate metallizations such as Cu, Ag, Pd, and Au. [8] [9] [10] However, the elimination of toxic lead from electronic products is a global tendency actively driven by legislation. The European Union has set July 2006 as the deadline for inhibiting the tin-lead solder from electronic products. 11 To replace the lead-containing solder, a large number of studies on lead-free solder for device and product interconnections are being conducted worldwide. Among the profitable lead-free solders are Sn-Ag based alloys, holding promise because of their good resistance to thermal fatigue, high ductility, 12 and better solderability on copper than Sn-Pb solder. 13 Investigations have been conducted to modify the thermal and mechanical characteristics of eutectic Sn-3.5Ag solder with the addition of Bi, Cu, In, Sb, and Zn. [14] [15] [16] [17] [18] [19] A small addition of Cu to Sn-Ag eutectic solder (eutectic point 221°C) not only decreases the melting point by four degrees Celsius (217°C), but also enhances mechanical properties. 13, 20 Moreover, an addition of Bi to the ternary Sn-Ag-Cu solder can further lower the melting point of the corresponding ternary solders. 7, 13 In spite of the compositional modification, the melting points of the Sn-Ag-based solders are still 25-61°C higher than that of the Sn-Pb eutectic solder. It is well known that the soldering temperatures of the selected alloys on substrates are roughly 20-40 degree higher than their melting points. Thus, the excessive growth of intermetallic compounds (IMCs), usually having higher electrical resistivity than copper metallization, is expected to form extensively during the soldering process. 21 Not only are the overgrown IMCs detrimental to the bonding property between the solder and the substrate due to increased brittleness, but they also change the electrical characteristics of interconnects, which may raise integrated circuit (IC) reliability concerns. 22 As a result of higher soldering temperature, such microstructure evolution of solder alloys may affect the electrical property of the packages. To overcome the problems mentioned above, a nickel layer is often used as a diffusion barrier to prevent copper from diffusing into the solder to form IMCs.
Sn-Zn solder (Sn-9 mass% Zn for the eutectic composition), with a eutectic temperature of 199°C, has also been investigated as a lead-free solder. Moreover, the addition of Bi to Sn-Zn near eutectic solder can improve the soldering properties by lowering melting temperature to roughly 188-199°C. 10, 12, 13 The introduction of Sn-Zn-Bi solder paste may lower the soldering temperature of the Sn-Ag-Cu BGA package. The purpose of this study was to investigate the microstructural evolution on the electrical properties of the Sn-Ag-Cu BGA packages which applied the Sn-Zn-Bi solder paste to lower the reflow temperature. The effect of various reliability testing conditions on the electrical resistances of the Sn-Ag-Cu/Sn-Zn-Bi joints was examined. In comparison with those, the study of the Sn-Ag-Cu joints on the electrical resistance was also conducted.
II. EXPERIMENTAL PROCEDURE
Commercial Sn-8Zn-3Bi solder paste and Sn-3.2Ag-0.5Cu (mass%) solder balls were used in this study. The P-C. Shih et al.: Effect of microstructural evolution on electrical property of the Sn-Ag-Cu solder balls joined with Sn-Zn-Bi paste solder paste was composed of activated flux and Sn-ZnBi solder particles (20-25 m in diameter). The solder balls were 760 m in diameter. Prior to the soldering process, the solder paste with a thickness of 200 m was stencil printed onto Cu/electrolytic Ni/Au metallized pad on the commercial BGA substrate, followed by solder ball attachment on the paste-covered pad, as shown in Fig. 1(a) . The copper layer was 30 m in thickness, and the thicknesses of the nickel and gold layers were 7 and 1 m, respectively. In addition to the Sn-Ag-Cu/Sn-ZnBi joint, the Sn-Ag-Cu joint without paste was studied for comparison. Multiple reflow was conducted for 1, 5, and 10 cycles. Thermal treatment was performed at 150°C for 100, 200, 500, and 1000 h The reflow experiment was performed in an infrared (IR) furnace under a protective atmosphere of 90%N 2 -10%H 2 . The reflow profile consisted of an activation stage at 170°C with a peak temperature of 210°C (for Sn-Ag-Cu/Sn-Zn-Bi samples) or 240°C (for Sn-Ag-Cu samples) for 30 s and then a descent to room temperature over 3-4 min. Please note that Sn-Zn-Bi paste melts whereas Sn-Ag-Cu solder ball maintains solid at 210°C peak temperature.
Electrical properties of the joints were evaluated by measuring the four-point contact resistance. The instrument used for electrical resistance measurement was a HP3458A multimeter (Hewlett Packard) with a fourpoint-probe measurement function. Each resistance value showed on this study was the average of 30 testing data, 10 measurements taken for each specimen. For ease of measuring, the solder of the reflowed samples was ground with the No. 1200 sandpaper to a platform, as shown in Figs. 1(b) and 1(c). The probes, contacting with every two adjacent platforms of solder balls, were tested as closely to the center of the platform as possible. A schematic illustration of the sample resistance test is shown in Fig. 1(d) . The heights of the reflowed samples after being grinded were roughly 510 m (Sn-Ag-Cu cases) and 560 m [Sn-Ag-Cu/Sn-Zn-Bi cases in which the void was clarified, as shown in Fig. 1(e) ]. The resistance measurement was taken soon after grinding to avoid extensive oxidation.
The BGA specimens were also mounted, ground with diverse sandpapers, and polished with 0.3 m Al 2 O 3 powder for cross-sectional investigation by scanning electron microscopy (SEM), energy dispersive x-ray analysis (EDX), and electron probe microanalysis (EPMA).
III. EXPERIMENTAL RESULTS

A. Microstructural evolution and electrical property of the reflowed joints
Figure 2(a) shows the SEM micrographs of both the solder bulk and the interface between Sn-Ag-Cu solder and Cu/Ni BGA substrate after single reflow cycle. During reflow soldering, the topmost Au layer dissolves into the molten solder, leaving the Ni layer exposed to the molten solder. According to the EDS results, the interfacial reaction between molten solder and the Ni layer results in the formation of pyramid-shaped (Cu, Ni) 6 Figure 4(a) shows the SEM micrographs of both the solder bulk and the interface between Sn-Ag-Cu/SnZn-Bi solder materials and the Cu/Ni/Au BGA substrate after single reflow cycle. The reflow results in counter interaction between the solid Sn-Ag-Cu solder ball and the liquid Sn-Zn-Bi solder paste. The two solders have mixed together and do not have a visible interfacial boundary. In the light of the previous study, 26 a relatively thick layer compound shown in Fig. 4(a) , partly detached from the interface, is composed of Ag, Au, Cu, and Zn with varying elemental distribution forms near the interface. Furthermore, there exists the discontinuous IMC which consists of Ni, Sn, Cu, and Zn and forms at the interface between the Cu/Ni/Au metallization layers and solder, as shown in Fig. 4(b) . Cu involves in N-Sn-CuZn compounds locally. 26 The remaining Au layer, observed at the interface, indicates that the interfacial reaction does not result in the exhaustion of gold during the soldering process at 210°C. As for the solder region, the needle-shaped Ag 5 Fig. 4(c) , shows that the Au layer is no longer observed at the interface, while the Ni-Sn-Cu-Zn compounds (mainly consist of Ni and Sn) grow significantly after 5 reflow cycles, toward 2-3 m. At 10 reflow cycles, the relatively thick Ag-Au-Cu-Zn layer shows an inclination to decrease, shown in Fig. 4(e) , or even shrinks to disappear, shown in Fig. 4(f) . The tendency of Ag-Au-Cu-Zn IMC shrinkage is not clarified here and the related studies are in progress. In addition, Bi accumulates after 10 cycles. 26 The EDS mapping analysis [Figs. 5(a)-5(e)], shows that the coarsened elongated intermetallic compounds located in the solder region are Ag 3 Sn. Besides, the contents of Cu and Zn are much less than those of Ag or Sn, nor are they embedded within Ag 3 Sn. Not only does Ag exist in Ag 3 Sn compounds (higher Ag concentration) but it is also observed in the solder region (lower Ag concentration).
The electrical resistance (Fig. 6 ) of Sn-Ag-Cu (labeled SAC) and Sn-Ag-Cu/Sn-Zn-Bi (labeled SAC + SZB) samples appears to show that the reflow tends to increase the electrical resistance. The average resistance values of Sn-Ag-Cu and Sn-Ag-Cu/Sn-Zn-Bi samples are respectively from 7.1 (single reflow) to 7.3 (10 cycles) m⍀ and from 7.2 (single reflow) to 7.6 (10 cycles) m⍀, indicating a 4-6% increase. It is also noticeable that the Sn-Ag-Cu/Sn-Zn-Bi samples 
than those of Sn-Ag-Cu samples. The explanation to this behavior will be discussed later in Section IV. Figure 9 (b), a magnification of region E in Fig. 9(a) , and Fig. 9(c) shows the noticeable Ag 3 Sn grain growth near or at the interface after heat treatment of 200 and 500 h. Parts of the Ag 3 Sn are embedded in the Ni-Sn-Cu-Zn compound (roughly Ni:Sn:Cu:Zn ‫ס‬ 28:45:9:18 at.%, mainly consisting of Ni and Sn), which does not show the significant zigzag nodule growth, and neither do the layered Ag-Au-Cu-Zn compounds thicken, after heat treatment of 500 h. However, the appearance of the Ni-Sn-Cu-Zn compounds transforms from the separate zigzag nodules into the smoother uniform layer [shown in Fig. 10(a) , marked with a black-dash line], indicating that the nodule Ni-Sn-Cu-Zn compounds tend to grow between the gaps as the aging time increases toward 1000hrs. Figures 10(a)-10(c) illustrate the micrographs of the Sn-Ag-Cu/Sn-Zn-Bi sample aged at 150°C for 1000 h. The interfacial Ag 3 Sn, shown in Fig. 10(a) , seems to coarsen to a size of around 2 m. In the solder region, the elongated dispersed Ag 3 Sn (2-5 m) and Ag 5 Zn 8 (4-6 m), respectively shown in Figs. 10(b) and Fig. 10(c) , are observed. The Ag 3 Sn compounds grow with the aging time. Moreover, Bi is not contained within the compounds or precipitates in the solder region after 1000 h long term aging.
The electrical resistances of Sn-Ag-Cu (labeled SAC) and Sn-Ag-Cu/Sn-Zn-Bi (labeled SAC + SZB) samples as a function of the aging time are shown in Fig. 11 . For both solder joints, the electrical resistance increases with aging time. The average resistance values of Sn-Ag-Cu and Sn-Ag-Cu/Sn-Zn-Bi samples are respectively from 7.1 (aging 0 h) to 7.8 (aging 1000 h) m⍀ and from 7.2 (aging 0 h) to 7.9 (aging 1000 h) m⍀, showing an increase of 9-9.8%. Like the results in multiple reflowed samples, the average resistance values of Sn-Ag-Cu/Sn-Zn-Bi samples are higher than those of Sn-Ag-Cu samples.
IV. DISCUSSION
The electrical properties of a solder joint in such electronic packages as ball-grid array, flip-chip, or surfacemount joints, are influenced by several factors, such as interfacial reactions, solder composition, surface finish (or under-bump metallization), solder volume, reflow conditions, and some others. 27 In this study, the major goal concentrates on the microstructural evolution of the solder joint on electrical resistance of the Sn-Ag-Cu and Sn-Ag-Cu/Sn-Zn-Bi joints under various testing conditions. Table I 22,27-32 lists the electrical resistivities of the solder alloys, elements and related intermetallic compounds. The formation of the Ni-Sn (Ni 3 Sn 4 ) or Cu-Sn (Cu 6 Sn 5 ) compound leads to a higher resistivity value 
than that of Ni, Sn, or Cu itself. The resistances of intermetallic compounds are usually higher than those of high Sn-containing solder alloys. 27, 28, 33, 34 Under both multiple cycles and heat-treatment testing conditions, the electrical resistances of Sn-Ag-Cu/Sn-Zn-Bi and SnAg-Cu samples show an increasing trend, as shown in 3 Sn 4 may play a crucial role in the gradually increasing resistance. The Sn-Ag-Cu solder ball used in this study and the Ni metallization are of constant volume. In other words, the contents of Sn, Ag, Cu, Ni, and Au are fixed and limited in the batch-type solder system. The gradually grown (Ni, Cu) 3 Sn 4 compounds of higher resistivity are attributed to the consumption of the low resistivity Ni, Cu, and Sn. As the reflow or heat treatment proceeds, the amount of (Ni, Cu) 3 Sn 4 compound in the solder joint increases while the element contents of Cu, Ni, and Sn do the reverse since they form in compounds. As a result, based on the results of Table I , the increasing amount of Ni-Sn compound of higher resistivity possibly indicates the slightly rising resistance values of the joints.
The electrical resistances of Sn-Zn-Bi/Sn-Ag-Cu samples under various reflow cycles, similar to the tendency of the Sn-Ag-Cu samples, show several different behaviors in addition to the grain growth of NiSn contained compounds at the interface. As the reflow cycles increase, the Au layer, shown in Fig. 4(b) , diffuses outward from the interface and involves in the formation of Ag-Au-Cu-Zn compounds. 26 The exhausted Au layer leads to the exposure of the Ni metallization, then resulting in the Ni-Sn-Cu-Zn formation, as shown in Figs. 4(d)-4(f) . According to the results shown in Table I , the resistivity of Au is much lower than Sn or high Sn-containing solder materials, and the exhaustion of Au, together with the grown Ni-Sn-Cu-Zn compounds, are possibly responsible for the increasing resistance value of the samples. However, microstructure of the 10 reflow cycle samples changes significantly. The Ag-Au-Cu-Zn compounds seem to decompose near the interface, while the Ni-Sn-Cu-Zn compounds keep coarsening at the interface, as shown in Figs It is noticed that the electrical resistance value of Sn-Zn-Bi/Sn-Ag-Cu samples is higher than that of Sn-Ag-Cu samples in all cases. This observation may be ascribed to several reasons. The volume of solder applied for Sn-Ag-Cu is less than that of Sn-Zn-Bi/Sn-Ag-Cu. Figures 1(b) and 1(c) clearly indicate that the height of the Sn-Zn-Bi/Sn-Ag-Cu solder joint is roughly 50 m P-C. Shih et al.: Effect of microstructural evolution on electrical property of the Sn-Ag-Cu solder balls joined with Sn-Zn-Bi paste higher than that of the Sn-Ag-Cu solder joint. The greater solder volume possibly gives rise to the higher electrical resistance. Besides, it is well known that the voids are usually identified during the soldering process as the solder paste is used as the joint materials. Hence, the voids appearing in the Sn-Zn-Bi/Sn-Ag-Cu solder joint might contribute to the increasing electrical resistance, as shown in Fig. 1(e) . Furthermore, the electrical resistivity (Table I) of Bi (110 ⍀ cm) is significantly higher than that of any listed metal, alloy or compound. The addition of Bi dispersed in the solder will certainly raise the electrical resistance of the Sn-Zn-Bi/Sn-AgCu solder joint compared with Sn-Ag-Cu joints (without Bi addition). Yet we have insignificant information about the effect of Bi accumulation on electrical resistance of Sn-Ag-Cu/Sn-Zn-Bi samples after 10 cycles.
V. CONCLUSION
The microstructural evolution along with the electrical resistance variation of the Sn-Ag-Cu or Sn-Ag-Cu/SnZn-Bi joints was examined under various reflow and heat-treatment conditions. For both types of solder joint, the electrical resistance generally increases with reflow cycles and aging time. The average resistance values of Sn-Ag-Cu and Sn-Ag-Cu/Sn-Zn-Bi samples respectively increase from 7.1 to 7.3 m⍀ and 7.2 to 7.6 m⍀ as the reflow cycle increases up to 10. Heat treatment up to 1000 h also increases the electrical resistance of Sn-AgCu and Sn-Ag-Cu/Sn-Zn-Bi samples, respectively, from 7.1 to 7.8 m⍀ and 7.2 to 7.9 m⍀. The incorporation of Sn-Zn-Bi raises the electrical resistance of the joint, although it allows the joining of Sn-Ag-Cu at a relatively low temperature of 210°C. The reason for the electrical resistance variation is ascribed to the microstructural variation and to the Bi inclusion.
